In this paper, we study the third quantized super-group field cosmology, a model in multiverse scenario, in Batalin-Vilkovisky (BV) formulation. Further, we propose the superfield/super-antifield dependent BRST symmetry transformations. Within this formulation, we establish connection between the two different solutions of the quantum master equation within the BV formulation.
cosmology has been made recently which is known as super-group field cosmology [42, 43] . Remarkably, the super-group field cosmology turns out to be gauge invariant and according to standard quantization principles a gauge symmetric models must be quantized after fixing a gauge as they possesses some spurious degrees of freedom. Hence to get rid of spurious degrees of freedom one should fix the gauge in case of super-group field cosmology. Such gauge-fixing adds the Faddeev-Popov ghosts in the void functional (the vacuum functional of third quantization) of the theory which helps in defining the physical Hilbert state of the effective theory. The fermionic rigid BRST transformation and thus unitarity of super-group field cosmology has been studied recently [44] . The Slavnov-Taylor identity and renormalizability of the theory has also been proved [43] . The cosmological Slavnov-Taylor identity of the Einstein-Hilbert action coupled to a single inflation field is derived recently in the Arnowitt-Deser-Misner formalism [45] . BRST algebra for the mixed Weyl-diffeomorphism residual symmetry is derived in Ref. [46] . The BRST symmetry gets relevance in many more contexts also [47] .
The BV formalism [48] [49] [50] [51] [52] , also known as the field/antifield and the BRST-BV approaches, is one of the most powerful techniques in the study gauge field theories which deals with very general gauge theories, including those with open or reducible gauge symmetry algebras. The BV method of quantization provides a convenient way of analysing the possible violations of symmetries [49] . Basically, it is used to perform the gauge-fixing in quantum field theory, however, it was also applied to other problems like analysing possible deformations of the action and anomalies. The BV approach is a successful for studying the manifestly Lorentz invariant formulation of the string theory [53] . Utilizing variational tricomplex, a covariant procedure for deriving the classical BRST charge from a given BV master action is proposed recently [54] . Using BRST-BV formulation of relativistic dynamics, arbitrary spin massless and massive field propagating in flat space and arbitrary spin massless fields propagating in AdS space are studied [55] . The BV formalism for the theory of super-group field cosmology has not studied yet. We try to write the quantum master equation for extended quantum action. The quantum master equation gives relation between different sets of greens functions and vertices.
The finite field-dependent BRST (FFBRST) transformation has been investigated originally in [56] . Further it has been found many implications in the diverse gauge theories . For example, more recently, the gauge-fixing and ghost terms corresponding to Landau and maximal Abelian gauge have been rendered for the Cho-Faddeev-Niemi decomposed SU (2) theory using FFBRST transformation [66] . However, the connection between linear and non-linear gauges for perturbative quantum gravity at both classical and quantum level has been established through FFBRST formulation [67, 68] . The quantum gauge freedom studied by gaugeon formalism has also been addressed for quantum gravity [69] as well as for Higgs model [70] utilizing FFBRST technique. The FFBRST transformations get relevance for the lattice gauge theory [73] and the relativistic point particle model [72] . With the help of FFBRST transformations it has also been proved that the problems associated with Virasoro constraints in worldsheet gravity are the gauge artifact [75] . Recently, Regge-Teitelboim cosmological model is quantized from the FFBRST point of view [77] . The FFBRST symmetries has also been derived in Friedmann-RobertsonWalker cosmological models [78] . Moshin and Reshetnyak in Ref. [79] systematically incorporates the case of BRST-antiBRST symmetry in Yang-Mills theories within the context of finite transformations that deals with the case of a quadratic dependence on the corresponding parameters. Further, the concept of finite BRST-antiBRST symmetry to the case of general gauge theories has been extended in Refs. [80, 81] , whereas Ref. [82] by the same authors generalizes the corresponding parameters to the case of arbitrary Grassmann-odd field-dependent parameters, as compared to the so-called "potential" form of parameters [79] [80] [81] .
The BV formulation and its connection to superfield/super-antifield dependent BRST symmetry have not been discussed so-far for the third quantized super-group field cosmology. This provides us a glaring omission. Here we remark that the FFBRST transformation turns to superfield/super-antifield dependent BRST transformation as the super-group field cosmology exists for super-manifold.
In the present paper we quantize the super-group field cosmology using BV-BRST method. To do so, we introduce the different gauge-fixing conditions and corresponding super-ghosts in the theory. We further demonstrate the infinitesimal BRST symmetry for the super-group field cosmology. This model of multiverse is also analysed through BV formulation where we extend the configuration space by introducing super-antifields for each set of superfields. The extended quantum actions corresponding to the different gauge-fixing conditions are shown the different solutions of the quantum master equation. Further we generalize the BRST symmetry by making the parameter of transformation superfield/superantifield dependent. Remarkably, we found that such generalized BRST transformation leads to the nontrivial Jacobian for the path integral measure. We explicitly compute the Jacobian for superfield/superantifield dependent BRST transformation at general level. Furthermore, we observe that for specific choice of superfield/super-antifield dependent transformation parameter the Jacobian leads the theory from one gauge to another.
The paper is presented as follows. In section II, we discuss the supersymmetric group field cosmology in various gauges. The supersymmetric group field cosmology in BV formulation is analysed in the section III. The discussion on superfield/super-antifield dependent BRST symmetry is reported in section IV. In the last section we made a concluding remarks.
II. SUPER-GROUP FIELD COSMOLOGY AND THEIR BRST INVARIANCE
Let us start by recapitulating the progress made in [43] for the loop quantum cosmology of the spatially flat, homogeneous and isotropic universe having massless scalar field as the bulk. The loop quantum gravity is described as a gauge theory where the dynamical variables are the Ashtekar-Barbero connection K i a and canonical momenta, the densitized triad E a i . Here, a, b = 1, 2, 3 are the usual space index (referring to the tangent space T x (Σ) at x). These variables are defined in terms of co-triads e
, where the extrinsic curvature K ab in terms of lapse N and shift N a can be written as
a covariant derivative on (mini-)superspace of geometries ∇ a . The four dimensional metric in this case is described by a three metric h ab given as
where triad e a i is the inverse of co-triad e i a . We construct the classical action for the super-group field cosmology, given by [42] 
where "|" stands for Grassmann variable which describes a space with with supersymmetric degrees of freedom at θ a = 0 and (mini-)superspace variables (ν, φ, θ) := ̺. Here Ω(ν, φ, θ) and Ω † (ν, φ, θ) are two complex scalar super-group fields. The super-covariant derivatives of Ω i (̺) and Ω i † (̺) are defined by [42] 
where super-derivative
It is evident that this classical action is invariant under the following gauge transformations:
where the bosonic transformation parameter Λ i is infinitesimal in nature.
In the path integral formulation, due to this gauge symmetry there exist infinitely many (Λ) Γ i a that are physically equivalent to Γ i a . This produces divergences in the functional integral. To quantize this theory consistently it is necessary to eliminate redundant gauge degrees of freedom by choosing a particular gauge. Here we choose a general gauge condition for this theory as
The above gauge condition can be incorporated in the theory at quantum level by adding the corresponding gauge-fixed action to the classical action. According to the Faddeev-Popov procedure the gauge-fixing condition leads to the ghost term in the effective theory. The linearised gauge-fixing action corresponding to the gauge (6) together with the induced ghost term is given by
where B i (ν, φ, θ) is the Nakanishi-Lautrup auxiliary superfield, c i (̺) andc i (̺) are the ghost and antighost superfields respectively, and, s b denotes the Slavnov variation. Now, the total effective action for super-group field cosmology for general gauge choice reads S T = S 0 + S gh + S gf .
Now we consider an specific choice of Landau type gauge
a (̺) = 0, then the total action S T gets following identification [44] :
Furthermore, to analyse the theory in massless Curci-Ferrari type gauge (a non-linear gauge) we perform the following shift in auxiliary superfield:
Performing such shift the total effective action corresponds to a non-linear gauge as follows
These effective actions (8) and (9) are invariant under the following (third quantized) infinitesimal BRST transformations [44] 
where δλ is an infinitesimal, space-time independent anticommuting parameter. It is easy to verify that the above transformations are nilpotent of order two, i.e., δ 
Such analysis will be helpful to establish theory in BV formulation.
III. SUPER-GROUP FIELD COSMOLOGY IN BATALIN-VILKOVISKY FORMULATION
To establish the theory in BV formulation we need to introduce super-antifield corresponding to each superfield having opposite statistics. In terms of superfield/super-antifield, the generating functional for the super-group field cosmology in Landau type gauge is,
where W L is the extended quantum action. The gauge-fixed fermion for the super-group field cosmology in Landau type gauge has the following expression:
Now we compute the following super-antifields for corresponding to Landau gauge
However, the generating functional for the super-group field cosmology in the non-linear gauge in terms of superfields/super-antifields is given by,
The expression for the gauge-fixing fermion for the non-linear gauge is given by
The super-antifields corresponding to above gauge-fixing fermion are identified by
The difference between the non-linear and linear extended quantum actions are given by
Here we note that these extended quantum actions,
, are solutions of the following mathematically rich relation so-called quantum master equation,
In the next section, we shall establish a map between the two generating functionals corresponding to the above extended actions using the technique of superfield/super-antifield dependent BRST transformations.
IV. GENERALIZED BRST SYMMETRY FOR SUPER-GROUP FIELD COSMOLOGY
In this section, we analyse the superfield/super-antifield dependent BRST transformation which is characterized by the superfield/super-antifield dependent BRST parameter. For this purpose, we first write the usual BRST transformation given in (10) in compact form as following:
where
Here the infinitesimal transformation parameter δλ is a Grassmann parameter and doesn't depend on any superfield/super-antifield. Now, we propose the superfield/super-antifield dependent BRST transformation as follows
where the Grassmann parameter δλ is replaced by Λ[Φ, Φ ⋆ ] which depends on the superfield/superantifield explicitly. The novelty of superfield/super-antifield dependent BRST transformation is that although being symmetry of the extended action such transformation does not leave the functional measure invariant and leads a non-trivial local Jacobian. Now, we evaluate the Jacobian of functional measure under superfield/super-antifield dependent BRST transformation (within functional integral) as follows
where Z ′ L denotes the generating functional under change of variables. The Jacobian matrix for the superfield/super-antifield dependent BRST transformation is computed by
The nilpotency property of the BRST transformation (i.e. s 
which simplifies to
With this Jacobian the relation (22) modified by
This means that the effective quantum action gets change under the superfield/super-antifield dependent BRST transformation characterized by an arbitrary Λ[Φ, Φ ⋆ ]. Now we compute the specific change in the effective action of the super-group field cosmology under the superfield/super-antifield dependent BRST transformation having an specific Λ[Φ, Φ ⋆ ]. Therefore, we construct the specific parameter as follows
where B 2 =: B i B i . Now the Slavnov variation gives
The Jacobian (24) for the parameter (27) gets the following identification:
Therefore, from the expressions (18), (26) and (29) it is evident that
Hence, it is observed that the superfield/super-antifield dependent BRST transformation with parameter (27) correlate two different solutions of the quantum master equation.
V. CONCLUDING REMARKS
In this paper we consider the supersymmetric group field cosmology, a model for homogeneous and isotropic multiverse. In the multiverse scenario, the gauge and the matter sectors describe the different universes. We study the supersymmetrization of group field cosmology which is a gauge invariant theory. The third quantized infinitesimal BRST transformations for the super-group field cosmology is demonstrated for the Landau type and Curci-Ferrari type gauge-fixing conditions. Further, the super-group field cosmology is studied in the context of BV formulation. This may provide a consistent quantum description of supersymmetric group field cosmology. In this approach we introduce the super-antifield corresponding to each superfield of the theory. The extended actions of the super-group field cosmology are shown the solutions of the mathematically rich quantum master equation. The quantum master equation is an important identities for such model. Furthermore, we have generalized the BRST transformation of the super-group field cosmology by making the transformation parameter superfield/super-antifield dependent. We have found that under the infinitesimal BRST transformation both the effective action and the functional measure remain invariant. However, under superfield/super-antifield dependent BRST transformation only effective action remains invariant while the functional measure does not. We have computed the Jacobian for functional measure under arbitrary superfield/super-antifield dependent BRST transformation explicitly. Remarkably, we have found that under specific superfield/super-antifield dependent BRST transformation the Jacobian switches the void functional from Landau type gauge-fixing condition to Curci-Ferrari type gauge-fixing condition. Such analysis may be an important towards the establishment of the quantum theory of super-group field cosmology. Further implications of superfield/super-antifield dependent BRST transformation on the multiverse model, for example calculating the certain observables, will be subject of interest.
